We examined quantity discrimination in the Clark's nutcracker (Nucifraga columbiana), a corvid bird with a strong dependence upon caching and recovering nuts. We presented 2 sets of nuts simultaneously, in 21 different conditions, to see if the nutcrackers could choose the larger of the 2 quantities. The nutcrackers displayed a strong ability to discriminate quantities of nuts. Like other animals tested previously, the nutcrackers' performance decreased as the ratio of the 2 quantities approached 1. Interestingly, at constant distances, the nutcrackers did not have more difficulty with contrasts containing larger quantities. Thus, nutcrackers have a fine sensitivity for discriminating between 2 quantities. We review the relevant literature and explore the possibility that nutcrackers, like some other birds, may have developed a keen ability to discriminate quantities. This ability may have developed as an adaptive specialization to cope with their scatter-hoarding ecology, though the evidence for such a conclusion is mixed.
Researchers in animal behavior have long been interested in examining the numerical abilities of nonhuman animals (see Shettleworth, 2010 for a recent review). Much of the interest driving early work on numerical cognition focused primarily on the ability of animals to count (Boysen & Capaldi, 1993; Davis & Memmott, 1982) . The researchers engaging in this work often had to develop extensive training paradigms to assess the numerical abilities of the animals they were studying. More recently, some researchers have examined the ability of animals to spontaneously discriminate different quantities of items (lions, Panthera leo, McComb, Packer & Pusey, 1994 ; howler monkeys, Alouatta caraya, Kitchen, 2004; Great apes, Hanus & Call, 2007; horses, Equus caballus, Uller & Lewis, 2009; dolphins, Tursiops truncatus, Mitchell, Yao, Sherman, & O'Regan, 1985 , Kilian, Yaman, von Ferson, & Güntürkün, 2003 , and Jaakkola, Fellner, Erb, Rodriguez, & Guarino, 2005 ; dogs, Canis familiaris, Ward & Smuts, 2007 ; sea lions, Otaria flavescens, Abramson, Hernandez-Lloreda, Colmenares, & Call, 2011; salamanders, Plethodon cinereus, Uller, Jaeger, Guidry, & Martin, 2003) . The ability to discriminate between two quantities appears to be a fundamental component of numerical cognition (Gallistel & Gelman, 1992) . In a simultaneous version of the spontaneous discrimination task, researchers present an animal with two quantities of items next to each other. The animal then typically makes a response indicating the larger of the two quantities; such a response is said to be spontaneous because the procedure typically requires little training on the part of the experimenter. This procedure may sacrifice control over the features that may be controlling discriminative behavior (e.g., number, volume, or area), but may better tap into the natural numerical ability of the animal being studied. The results from these studies also have provided some important insights into the mechanisms supporting quantity discrimination in animals.
The work examining relative quantity discrimination has helped reveal at least two systems that may be used for representing quantities. One system, the object file model, suggests that the items that are perceived in each set in the simultaneous discrimination procedure are stored in visual working memory in separate "object files" (Feigenson, Dehaene, & Spelke, 2004) . These object files are stored symbolically in visual short-term memory and compared for one-to-one correspondence. Because visual working memory is limited to a small set of items for both human (e.g., Luck & Vogel, 1997) and nonhuman animals (Elmore et al., 2011; Gibson, Wasserman & Luck, 2011) , the object file model does a good job of explaining quantity discrimination behavior for small, but not large, sets. The capacity of the object file system to encode larger quantities is limited, however.
When keeping track of more than a few objects, many animals appear to use an analog magnitude system of representation that conforms to psychometric principles. One such principle is Weber's Law, which indicates that it should be easier to discriminate between two sets of items when the ratio between the quantities of items in each set is small, rather than large. Thus, it is easier to discriminate two from eight items (ratio ϭ 2/8 ϭ 0.25) than two from three (ratio ϭ 2/3 ϭ 0.66). A decrease in distance, the relative difference in quantity between two sets, makes discriminating between the sets more difficult. Finally, discriminative performance can decrease as the magnitude, the total quantity of items in both sets being evaluated, increases.
Regardless of the underlying model of representation, the ability to represent and discriminate different quantities of items may have evolved to solve a variety of different problems. Different groups of animals may have become specialized in their ability to discriminate quantities based on the conditions of their particular environment. For instance, the ability to discriminate between different quantities of eggs may help coots (Fulicula americana; Lyon, 2003) and wood ducks (Aix sponsa; Odell & Eadie, 2010) avoid brood parasites, whereas the ability to discriminate quantities may help mosquitofish (Gambusia holbrooki) choose the largest social group in an environment (Agrillo, Dadda, & Bisazza, 2008) . Although there has been a surge of comparative research regarding quantity discrimination, much remains to be done to understand the ecological factors that underlie quantity discrimination (Feigenson et al., 2004; Hanus & Call, 2007) .
One group of animals that also may benefit from their ability to well represent quantities is scatter-hoarding birds. Much work has indicated that birds like chickadees and titmice possess an impressive ability to remember the locations in which they have hidden food. Although this work has historically focused on the spatial cognitive abilities of these birds, more recent work has indicated that scatter-hoarding may also be also associated with quantity discrimination (Hunt, Low, & Burns, 2008; Garland, Low, & Burns, 2012) . For instance, New Zealand robins (Petroica longipes), a food-hoarding songbird, cache perishable insects for later recovery. Discriminating between caches with larger and smaller quantities of perishable items may help these birds more efficiently recover worms and minimize loss due to desiccation. Furthermore, conspecifics steal caches from each other. Therefore the ability to discriminate quantities may also help New Zealand robins and other food-hoarding species to prioritize cache sites for recovery or pilfering (Hunt et al., 2008) . Hunt and colleagues (2008) used a quantity discrimination procedure to examine the ability of New Zealand robins to choose a cache with the greater quantity of items. The results of the study indicated that New Zealand robins may have evolved the ability to represent quantities using an object file system that extends far beyond four items. Subsequent work (Garland et al., 2012 ) also confirmed these initial findings and has indicated that the analog magnitude model also may control representations for larger quantities. Although the exact nature of the underlying representation that accounts for the robin's ability remains to be determined, their sensitivity to discriminate quantities is quite high and may be related to their scatter-hoarding ecology.
Clark's nutcrackers are highly dependent upon cache recovery for their survival, and cache 33,000 or more nuts each autumn (Lanner, 1996) . They are able to locate and recover these stored nuts using their impressive spatial memory (Balda & Kamil, 1992) . Remembering where their nuts are hidden is crucial for the nutcrackers' ability to survive during the course of the winter in the extreme cold of the high alpine regions where they dwell. It remains unclear to what extent the nutcrackers' unique ecology might have shaped their ability to discriminate different quantities of items. Discriminating between caches with larger and smaller quantities of perishable items may help nutcrackers better prioritize which caches to retrieve under different environmental conditions, and as a response to pilfering (Gibson & Tornick, 2012) .
In the current study we examine the ability of Clark's nutcrackers to spontaneously discriminate a larger from a smaller quantity of nuts. To our knowledge this is the first test of quantity discrimination in this species. If scatter-hoarding has generally shaped the ability to discriminate quantitates for some food storing birds (Hunt et al., 2008; Garland et al., 2012) , then a food-storing bird that is highly dependent upon caching and recovering food, like the nutcracker, might show a similar patterns of results as other food caching birds given comparable tests. In particular, nutcrackers may have an extrafine sensitivity in discriminating different quantities of items, as has also been reported about some other scatterhoarding species.
Method
Five adult nutcrackers of undetermined sex were used in this study. We trapped the nutcrackers in the Western United States following approval from our Institutional Animal Care and Use Committee (IACUC) and after obtaining all appropriate federal, state, and local permits. The birds have previously been used in several experiments (e.g., Tornick & Gibson, 2013; Tornick, Gibson, Kispert, & Wilkinson, 2011; Gibson & Wilks, 2008) , but none directly testing quantity discrimination. The birds were food restricted to 90% of their ad lib weight and fed a combination of turkey starter, peanuts, sunflower seeds, pine nuts, and meal worms following experimental sessions.
During familiarization the experimenter placed a bird in a cage that had a long aperture across the front wall near the floor. The experimenter closed an opaque curtain in front of the cage visually separating the experimenter and the bird. The experimenter then placed one, two, or three (randomly determined) light-colored pine nuts in the well of one of two identical 2 ϫ 8 ϫ 12 cm choice trays. We selected nuts that were of the same size using our best visual estimates. Nuts were positioned approximately 3 cm apart from each other when forming a cluster of more than one nut. Each tray was lined with black rubber matting and had a hinged transparent Plexiglas® lid. The experimenter closed the lid of the baited tray and then opened and closed the lid of the unbaited tray. The order of which tray was baited was randomly determined and balanced across trials. The experimenter then placed a clear Plexiglas® panel on top of both choice trays to prevent the birds from making a rapid choice. The experimenter simultaneously slid the two choice trays and the clear panel into the test cage. The experimenter removed the panel after 60 s and the bird was allowed to lift the lid to one of the two trays with its beak (see, Video S1 in the online supplemental materials). The birds were highly motivated to obtain the pine nuts and did so quickly after the panel was removed. A choice occurred when a bird first touched a lid with its beak and the experimenter slid the unselected tray out of the cage. The curtain was opened after a bird made a choice. Each bird encountered 16 such trials during a daily session. All birds made 100% correct choices for the tray with the nut on the first day.
The procedures for testing were comparable to those described above for familiarization. One important change was that we presented the following sets of nuts in the two trays: one versus two, one versus three, one versus four, one versus 5, two versus three, two versus four, two versus five, three versus four, three versus five, three versus eight, four versus five, four versus six, four versus eight, five versus six, six versus seven, six versus eight, six versus nine, six versus twelve, 8 versus nine, eight versus 10, and eight versus 16. The larger quantity was counterbalanced This document is copyrighted by the American Psychological Association or one of its allied publishers.
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between the left and right trays and was not presented on the same side for more than two consecutive trials. We also ran three types of comparison tests, using the same procedures that were randomly interspersed among the sets described above. The objective of these tests was to determine what factors (number, volume, area) might control discriminative performance during our quantity discrimination task. Specifically, were the birds making choices based on the number of items in the trays, the volume of the items in the set, or the surface area taken up by the two quantities? To see if the birds make choices based on number, in the number comparison conditions we presented the birds with two quantities of food with equivalent volumes: one whole nut versus two halves (1Wv2H), two whole versus four halves (2Wv4H), and three whole versus six halves (3Wv6H). If nutcrackers prefer a larger number of items (with volume held constant) then they should choose the tray with the larger number of items. To see if nutcrackers make choices based on volume, in the volume comparison condition we presented one whole versus one half (1Wv1H), two whole versus two halves (2Wv2H), and three whole versus three halves (3Wv3H), keeping the area and number of items in the array constant. We anticipated that the birds would choose the tray with the large volume of nuts when the number of items is held constant. To see if the birds make choices based on area, in the area comparison condition we presented the birds with two whole nuts in a small array (ϳ5 mm spacing) versus two whole nuts in a large array (ϳ3 cm spacing; 2Sv2L), three whole nuts in small array versus three whole nuts in large array (3Sv3L), and four whole nuts in a small array versus four whole nuts in a large array (4Sv4L). All trials were block randomized and each bird encountered each condition eight times. We presented the birds two to five trials per daily session; the number of trials varied depending on the quantity of nuts used (so that the birds received ϳ16 pine nuts per day). The number of choices each bird made for the larger quantity was determined for each set. We then performed one-sample t tests with unequal variance to determine if the number of choices for the larger quantity was significantly different than would be expected by chance for each set. We used one-tailed probabilities for these tests since the prediction was that the birds would perform better than chance only. The percentage of choices for the larger quantity was also calculated and used for display purposes. We performed the same calculations and statistical tests for the each of the comparison tests (number, volume, and area), except that we used two-tailed probabilities, because it was unclear in which direction choices would trend.
We also performed three linear regressions using the choices from each of the sets. For the first regression model, we used the ratio of the items in each pair of quantities and the percent choices for the larger of the two quantities as factors to examine if there was a reliable relationship between the two. This analysis was used to examine how discriminative performance might change as the ratio approaches one. We used a second regression and included the percent choices for the larger of the two quantities as a function of the number of nuts separating the two quantities to examine how discriminative performance changes as the absolute distance between the two quantities changes aside from their ratio. Given a constant numerical distance between pairs of items, accuracy should be better with small rather than large sets (sum of the pair). Thus, it should be easier to discriminate one versus two items than eight versus nine items even though both sets in each pair differ by only one item. We created a "magnitude" index by summing the two quantities of nuts in each set. We then sorted index scores for sets with a constant distance of one (one vs. two, two vs. three, etc.), 2 (one vs. three, two vs. four etc.), and three or more (one vs. four, one vs. five, etc.). We used the magnitude index and the percentage of trials that the birds selected the larger quantity as factors in a linear regression. We limited this final analysis to sets that differed from one to three items only to maintain a high level of statistical power (i.e., sets with other ratios were less numerous). Alpha was set to p Ͻ .05 for all tests, and we report exact p values. Pica, Lemer, Izard, and Dehaene (2004) developed a model (see online supplemental materials) that was originally used to account for the ability of humans in a quantity discrimination task but has been more recently applied to the performance of rhesus monkeys (Macaca mulatta) (Cantlon & Brannon, 2006) and pigeons (Columba livia) (Roberts, 2010) . The model assumes that number representations that overlap are more difficult to discriminate than those that are more discrete. For example, a representation of three is more likely to overlap with a representation of four then a representation of nine items. We used goodness-of-fit tests using the model to determine the Weber fraction that best fit the data from the nutcrackers. The Weber fraction is the internal sensitivity to the difference between the two representations of quantity. Higher Weber fractions indicate less sensitivity and lower fractions indicate more sensitivity in discriminating the two quantities.
Results
The nutcrackers selected the larger of the two quantities of nuts reliably more often than would be expected by chance for all of the sets (all ps Ͻ 0.05) except for sets three versus four, four versus five, six versus 12, and eight versus nine (see Figure 1) . The linear regression, for which we used the ratio of the items in each pair of quantities and the percent choices for the larger of the two quantities as factors, revealed that performance declined as the ratio between the items became larger, R 2 ϭ 0.429, ␤ ϭ Ϫ29.35, p ϭ .001 (Figure 2A ). The second regression that included the percent choices for the larger of the two quantities as a function of the number of nuts separating the two quantities (distance) revealed that discriminative performance did not change as the distance between the items increased, R 2 ϭ 0.157, ␤ ϭ 1.92, p Ͼ .05 ( Figure 2B ). There was no significant effect of magnitude at a constant distance of 1 (R 2 ϭ 0.275, ␤ ϭ Ϫ1.034, p ϭ .227), 2 (R 2 ϭ 0.050, ␤ ϭ Ϫ0.311, p ϭ .669), or 3 or more (R 2 ϭ 0.150, ␤ ϭ Ϫ0.432, p ϭ .342). Thus, the birds were just as good at discriminating sets with small and large magnitudes ( Figure 2C ).
In the number condition (when the volume of the nuts was held constant), the birds chose the smaller number of nuts significantly more often than would be expected by chance for the 2Wv4H condition, t(4) ϭ 4.00, p ϭ .016, r (effect size) ϭ 0.784, but choices were no different from chance for the 1Wv2H, t(4) ϭ 2.058, p ϭ .109, r ϭ 0.545, and 3Wv6H, t(4) ϭ 1.089, p ϭ .338, r ϭ .326 conditions (Figure 3 ; (see , Table S2 in the online supplemental materials).
In the volume comparison (when number of items was held constant but the volume of one set of nuts was increased), the birds had a strong preference for the greater volume for the 1Wv1H, t(4) ϭ 13.880, p Ͻ .001, r ϭ .980, 2Wv2H, t(4) ϭ 14.697, p Ͻ This document is copyrighted by the American Psychological Association or one of its allied publishers.
.001, r ϭ 0.978, and 3Wv3H, t(4) ϭ 8.552, p Ͻ .001, r ϭ .938, conditions. In the area comparison (when the volume and number of items were both held constant), the nutcrackers had a slight preference for the array with the smaller area. Their choices were significantly below chance for the 2Sv2L, t(4) ϭ 6.532, p ϭ .003, r ϭ .840, but did differ from those expected by chance for the 3Sv3L, t(4) ϭ 0.667, p ϭ .541, r ϭ .206, and 4Sv4L, t(4) ϭ 3.430, p ϭ .749, r ϭ .108 conditions. Finally, we found that the Weber fraction that best fit the nutcracker data was 0.51 for nutcrackers, R 2 ϭ 0.35, p Ͻ .05.
Discussion
In the current study we investigated the ability of the Clarks nutcracker to discriminate a smaller from a larger quantity of nuts as part of a spontaneous quantity discrimination task. Nutcrackers were able to discriminate between different quantities of seeds at a very high level for nearly all the quantities presented to them. The percentage of choices for the larger quantity did decline somewhat with sets three versus four, four versus five, six versus 12, and eight versus nine items. During the number comparison tests, the birds tended to select the smaller number of items (though different from chance for only one condition). During the volume comparison tests, the birds choose the quantity with the larger volume of nuts significantly more often than would be expected by chance for all three conditions. However, the choices that had the smaller number of nuts (number comparison tests) and the larger volume of nuts (volume comparison tests) also contained whole nut(s) and the comparison quantity was composed of partial nuts. It is possible that the birds may have been making their choices based on the whether or not unbroken nuts were present. It remains uncertain as to whether the birds were using number or some other continuous feature like volume to make these quantity discriminations and the discussion below should be understood in that context. The area comparison tests, which comprised only whole nuts, indicate that the birds were not using the total area outlined by the perimeter of the nuts to make their choice when determining the larger quantity, however.
The results from the current study provide some insights into what underlying mechanisms of representation might support quantity discrimination by the Clark's nutcracker. For many of the smaller sets (e.g., one vs. two) the birds might have used an object file to make their choice. That is, the birds might have been able to keep smaller sets of items in visual working memory and consequentially used this memory to determine if incongruences in the object files existed (Feigenson et al., 2004 ). The nutcrackers' high level of performance for the sets that had a small total number of items is consistent with the object file hypothesis. However, nutcrackers also were adept in discriminating quantities that far exceed the typical reported capacity of visual working memory reported for people (Luck & Vogel, 1997) .
Although nutcrackers may have used an object file for smaller quantities, it appears that the analog magnitude system might account for their ability to discriminate larger quantities of nuts. Nutcrackers were sensitive to the ratio of the quantity of nuts across all pairs. This finding is consistent with a wide variety of other species that respond to ratio and suggests the ubiquitous nature of the analog magnitude system as a mechanism for quantity discrimination. However, the other two anticipated psychophysical effects of distance and magnitude revealed in many studies of quantity discrimination (e.g., Hanus & Call, 2007) and consistent with the analog magnitude system, were not present in the current study.
The absence of one or more of these psychophysical markers has been observed by other researchers using comparable procedures to examine quantity discrimination. For example, IrieSugimoto, Kobayashi, Sato, and Hasegawa (2009) presented Asian elephants (Elephas maximus) with a spontaneous and simultaneous quantity discrimination task using the following ratios: one versus three, one versus five, two versus four, two versus six, three versus five, four versus five, and five versus six. The elephants failed to show the typical psychophysical effect of ratio, distance, or mag- This document is copyrighted by the American Psychological Association or one of its allied publishers. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
nitude for these combination of sets (see also Ward & Smuts, 2007; Beran, 2007) . Likewise, Hunt et al. (2008) and Garland et al. (2012) in a subsequent study allowed New Zealand robins to choose between two sets of worms. In the Garland article, the robins (Experiment 2) failed to show the effect of ratio and magnitude for combinations of items that included one versus eight, two versus eight, two versus 16, four versus eight, six versus eight, seven versus eight, two versus eight, three versus four, eight versus 16, 14 versus 16 when the comparisons included sets with 16 items were removed from the analysis. When the comparisons with 16 items were included back into the analysis or even more items were included (Experiment 3), the effects of ratio appeared and the impact of magnitude was reduced. Both Irie-Sugimoto et al. (2009) and Garland et al. (2012) raise the intriguing idea that the object file system for Asian elephants and robins, respectively, may extend well beyond four items (perhaps as an adaptation to their respective ecologies). A larger object file threshold would account for their impressive performance with what would appear to be relatively large sets. While additional testing with larger sets with the elephants would be useful to examine the potential boundaries of the object file system, the pattern of result for New Zealand robins with intermediate and large-sized sets is consistent with this hypothesis. Given that nutcrackers performed comparably to both elephants and robins in these experiments, nutcrackers may also exhibit a more prodigious object file system that would account for their high level of performance. Another possibility is that the entire set of discriminations for the elephants, robins, and nutcrackers mentioned above is instead controlled by just the analog magnitude system. The response curve for some animals may be more sensitive to quantity discriminations because of their evolutionary history. Thus, species like the New Zealand robin and the Clark's nutcracker may live in an environment that demands a very high sensitivity of the analog magnitude system for discriminating fine difference in quantity (see below). Perdue, Talbot, Stone, and Beran (2012) recently suggested that the apparent increase in the size of the object file system (and perhaps visual working memory) proposed for elephants by IrieSugimoto et al. (2009) may have been due to the procedures used to test quantity discrimination. Specifically, during testing the elephants may have been able to see both quantities at the same time, reducing the dependence of memory and increasing the probability that the quantity discrimination task was solved primarily using visual feedback. Perdue et al. tested African elephants (Loxodonta africana) using procedures comparable to those of Irie-Sugimoto et al. with Asian elephants, but ensured that their elephants could not see both quantities simultaneously. The data from the elephants revealed a ratio effect, and the data was well explained by psychometric principles consistent with the analog magnitude model. Thus, the improved discriminative performance observed by Irie-Sugimoto et al. may have been due to the presence of additional visual information (though species differences could still account for difference in performance across the two studies).
Correspondingly, in the current study nutcrackers were likely able to see both piles of nuts simultaneously, potentially accounting for their improved discriminative performance for all quantities (i.e., greater emphasis on visual features); and Perdue et al.'s arguments also might apply to the performance of nutcrackers in the current study. However, it remains unclear to what extent visual features are controlling discriminative performance for different species. Hanus and Call (2007) tested nonhuman primates with simultaneous discrimination procedures using presentation procedures similar to those in the current study (in which both quantities could be viewed simultaneously). Notably the pattern performance of the primates was generally comparable during a second task in which the primates could not view both quantities simultaneously. Clearly, future work will be needed to clarify which cues may be controlling quantity judgments for these animals. Hunt et al. (2008) suggested that the strong numerical abilities of New Zealand robins may be an important evolutionary response to the scatter-hoarding ecology of these birds. The Clark's nutcrackers used in the current study are heavily dependent upon caching and recovering food for their survival and also might be expected to have a relatively well-developed ability to discriminate quantities (see the Introduction). Indeed, the results from the current study correspond well with those reported by Garland et al. (2012) for New Zealand robins, perhaps providing additional support for Hunt et al.'s (2008) ecological hypothesis.
The strongest comparisons in the current literature for examining if a relationship between scatter-hoarding and quantity discrimination come from an analysis of corvids related to nutcrackers but with different levels of caching intensity. Recently Ujfalussy, Miklósi, Bugnyar, and Kotrschal (2014) examined the ability of jackdaws (Corvus monedula), a noncaching corvid, to choose the larger of two quantities of cat food. The food for each quantity was placed one-by-one through an opening in the top of one of two identical opaque containers. The jackdaws were given all possible combinations between one and five items in the two containers. The birds performed significantly better than chance for all combinations except three versus four, three versus five, and four versus five. In addition, the choices for the larger quantity were well accounted for by psychometric principles and the ratio of the items in a set. Likewise, using a less spontaneous procedure, Köhler (1950) trained a jackdaw and an African gray parrot Figure 3 . The mean number of choices for the Number, Volume, and Area comparison conditions. W ϭ whole pine nuts, H ϭ half pine nuts, S ϭ small array of nuts (ϳ5 mm spacing), L ϭ large array of nuts (ϳ3 cm spacing); v ϭ versus. The dashed line indicates chance level of performance, the error bars depict 95% confidence intervals.
‫ء‬ p Ͻ .05.
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(Psittacus erithacus) to match the number of spots on a lid on the ground to the number of spots on a lid covering a nearby container. There were between two and six spots on the lids. Köhler later varied the size, position, and density of the objects to better ensure control by number during the choice phase. The one jackdaw tested in this paradigm was still able to match the correct number of spots on the two lids, suggesting that this bird's choices were strongly controlled by number rather than some other feature. Bogale, Kamata, Mioko, and Sugita (2011) trained another corvid, the jungle crow (Corvus macrorhynchos), a moderate caching species (de Kort & Clayton, 2006) , to discriminate between two versus five items, by choosing the larger of the two. During testing the birds then were presented with the novel pairs: three versus five, four versus five, five versus six, five versus seven, and five versus eight. The jungle crows performed above change for most combinations, and ratio and magnitude were strong predictors of performance. Smirnova (1994, 1996) trained hooded crows (Corvus corone cornix), an omnivorous corvid, and pigeons to discriminate between two cups that contained between one and 12 food items, and later tested with up to 20 items. Hooded crows have been observed to cache food (Berrow, Kelly, & Myers, 1992) and may be intermediate cachers comparable to the closely related carrion crow (Corvus corone) (de Kort & Clayton, 2006) . Although the procedures Zorina and Smirnova used were somewhat less spontaneous than those used in other studies mentioned above, the results are relevant. The hooded crows chose, at a high level, the larger quantity for sets that differed by one to six items; the pigeons consistently performed worse than the crows. Pigeons were near chance when spontaneously discriminating quantities that differed by one to three items, but performed better for quantities that differed by five or six items.
Although the data for the ability of caching and noncaching corvids to discriminate different quantities is limited, it does appear that there is considerable overlap in the ability of caching (nutcrackers, jungle crows, and hooded crows) and noncaching (jackdaws) corvids to discriminate small quantities of items. Nutcrackers were better able to discriminate quantities that had a larger magnitude and were only separated by one item compared to jackdaws (Ujfalussy et al., 2014) , but differences in the role of memory for the two tasks may account for the difference in performance (see below). Likewise, nutcrackers also were tested with larger quantities than those used in the other studies with corvids and still performed at a high level. It remains to be determined whether other corvids would also discriminate the larger sets at a high level. Thus, it appears that for small and somewhat modest sized sets (five to six 6 items/set) noncaching species performed comparably to the caching species given similar test procedures.
In other work with noncaching avian species, Al Aïn et al. (2009) tested African gray parrots with all possible pairs of quantities between one and five items. Like the corvids mentioned above, the gray parrots discriminated these quantities at a high level and their performance was influenced by the ratio and the magnitude of the pair. Rugani, Vallortigara, and Regolin (2013) found that chicks (Gallus gallus) could accurately discriminate very small quantities (e.g., two vs. three), but that they had problems discriminating sets with comparable ratios, but for which the set size exceeded a limit of about four items (four vs. six). The results suggested that the chicks were using an object file system with a limit of about four items; tests with larger quantities with chicks remain forthcoming. Researchers have also studied quantity discrimination in avian species that exhibit brood parasitism (e.g., Lyon, 2003; Low, Burns & Hauber, 2009; Odell & Eadie, 2010) . This is a particularly good system for studying quantity discriminations given the costs associated for both breeders and parasites for making incorrect responses. Odell and Eadie (2010) recently presented wood ducks with simulated nests in the field that contained clutches of five, 10, 15, or 20 eggs. These parasitic ducks were more likely to lay eggs in nests that contained five and 10 eggs than in nests with more than 10 eggs. American coots were capable of rejecting parasitic eggs by keeping track of their own eggs and determining if the quantities were different from parasites for up to 12 eggs in a clutch (Lyon, 2003) . It is difficult to directly compare the results from the nutcrackers to the results of the studies with the brood parasites given the different methodologies. However, American coots in particular would appear capable of making relatively fine discriminations for modest sets of objects.
As of our analysis of the quantity discrimination literature in caching, it remains difficult to make solid conclusions about whether scatter-hoarding might influence the ability of animals to make quantity discriminations. On the one hand, there appears to be substantial overlap in the ability of related caching and noncaching corvids that have been examined to discriminate small and modest quantities. The nutcrackers examined in the current study discriminated large quantities of items even when the differences between the quantities were small. Tests with larger set sizes would be informative with other corvids that are less dependent upon caching for survival. In addition, psychometric principles largely accounted for the ability of all the corvid species reviewed to make quantity discriminations, suggesting a common mechanism.
When considering noncorvids, there also appears to be substantial overlap in the ability of caching and noncaching species to make quantity discriminations. New Zealand robins have a large capacity for making fine discriminations between quantities, but noncaching gray parrots also appear to discriminate quantities as accurately as New Zealand robins and other caching species. Ducks also appear to have evolved a relatively fine ability to assess quantity. Other birds like chicks and pigeons appear to be more limited in their ability to make fine quantity discrimination. Comparisons across these diverse families are more tenuous, however. Multiple factors may contribute to differences in performance across distally related species and it may be difficult to clearly identify a relationship between caching and numerical ability across these diverse groups. The differences in the systems of representation that account for these differences in performance across birds remains unresolved. Our review of the literature largely suggests that psychometric principles account for the discriminative performance of most species reviewed. However, the ability of some avian species to make impressive quantity discriminations may reflect either an extended visual working memory (though see Perdue et al., 2012) , an increase in the sensitivity of the analog magnitude system for representing quantities, differences in perceptual systems, or some combination of these and other factors. Future work, directly comparing related caching and noncaching birds using comparable quantity discrimination procedures will be important in discerning both the ecological factors This document is copyrighted by the American Psychological Association or one of its allied publishers.
and the underlying representations supporting quantity discrimination in avian species.
